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Abstrat. We present an atomisti model of a single nanopartile with ore/shell
struture that takes into aount its lattie struutre and spherial geometry, and in
whih the values of mirosopi parameters suh as anisotropy and exhange onstants
an be tuned in the ore, shell and interfaial regions. By means of Monte Carlo
simulations of the hysteresis loops based on this model, we have determined the range
of mirosopi parameters for whih loop shifts after eld ooling an be observed. The
study of the magneti order of the interfaial spins for dierent partile sizes and values
of the interfaial exhange oupling have allowed us to orrelate the appearane of loop
asymmetries and vertial displaements to the existene of a fration of unompensated
spins at the shell interfae that remain pinned during eld yling, oering new insight
on the mirosopi origin of the experimental phenomenology.
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1. Introdution
Although the observation of shifted hysteresis loops after eld ooling (FC) along the
eld diretion was rst reported in nanopartiles more than ve deades ago [1℄, most
of the researh exploiting this eet have been onduted in thin lm systems formed
by an antiferromagneti (AFM) layer in ontat with a ferromagnet (FM) [2℄. However,
reently renewed interest in the study of exhange bias (EB) in ore/shell nanopartiles
has been launhed by their potential use as reording media with improved thermal
stability [3℄. A number of experiments performed in a variety of nanopartile systems
with a ompound struture having a FM ore surrounded by an AFM shell, formed
at the outer surfae of the ore by oxidation of the FM struture, display ommon
marosopi eets that usually aompany the observation of loop shifts and that are
assoiated to the appearane of the EB eet [4℄. Among these, the mirosopi origin
of the oerivity inrease, partile size and shell thikness dependene, training eets,
dependene on the ooling eld magnitude and sign, hysteresis loop asymmetries and
vertial shifts still deserve a proper explanation from the theoretial point of view [5℄.
Despite the ressemblane between the ore/shell struture of the nanopartiles and the
FM/AFM omposition of thin lm bilayers, the existent theoretial models for the
former systems [6, 7℄ may not be not well suited for partile systems. In the ase of
layered systems, ideal interfaes an be onsidered to be fully ompensated or non-
ompensated depending on the nature of the interfaial oupling and roughness aused
by defets and imperfetions are usually invoked to aount for the magnitude of the
measured EB elds. In ontrast, the nature of the ore/shell interfae in nanopartiles
is given by surfae eets assoiated to the nite size of the partile and by the
partiular geometry of the lattie. All these peuliarities made neessary the use of
simulation methods like Monte Carlo that are able to aount for the magneti order
at the interfaes with atomisti detail, so as to larify the mirosopi origin of the
phenomenology assoiated to EB eets [5, 8, 9, 10℄.
2. Model and simulation method
In order to understand the origin of the EB phenomenology, we have performed Monte
Carlo simulations based on a lassial spin model of a ore/shell nanopartile with
dierent properties at the ore, shell and interfaial regions. The partiles are spheres
of total radius R with a ore of radius RC and onstant shell thikness RSh = 3a (a
is the lattie onstant) enlosing N spins plaed at the nodes of a simple ubi lattie.
The orresponding Hamiltonian for the atomi spins
~Si is given by:
H/kB = −
∑
〈i,j〉
Jij ~Si · ~Sj − kC
∑
i∈C
(Szi )
2
− kS
∑
i∈Sh
(Szi )
2
−
N∑
i=1
~h · ~Si (1)
where
~h is the magneti eld applied along the easy-axis diretion with module
~h = µ ~H/kB in temperature units (µ is the magneti moment of the spin). In the
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Figure 1. (Colour online) Hysteresis loops after ooling in a magneti eld hFC = 4
for a partile with RSh = 3a and radius R = 12a for dierent values of the shell
anisotropy onstant kS = 1 (blak irles), kS = 5 (dashed blue line), kS = 10 (red
squares) and kC = 1. The values of the exhange ouplings are: JC = 10, JS = −0.5JC,
and JInt = −0.5. Panel (a) shows the total magnetization along the eld diretion,
while panel (b) shows only the ontribution orresponding to the interfaial spins at
the shell.
rst term the exhange onstants at the dierent regions are FM at the ore JC = 10
K, AF at the shell (JS = −5 K) and for the interfaial spins [those in the ore (shell)
having neighbours in the shell (ore)℄, we will onsider AF oupling JInt < 0 of varying
strength. The seond and third terms orrespond to the uniaxial anisotropy energy,
with kC = 1 and kS the anisotropy onstants for ore and shell spins respetively. The
last value will be varied from 1 to 10. The simulations have been performed using the
Monte Carlo method with the standard Metropolis algorithm for ontinuous spins with
single spin ip dynamis (see [8℄ for details). The hysteresis loops have been omputed
yling the magneti eld between h = ±4 K, after ooling from a temperature higher
than the FM ore ordering temperature down to T = 0.1 in the presene of a magneti
eld hFC = 4 K. The detailed shape of the loops depend of ourse on the rate of hange
of the magneti eld along the loop. Our simulations have been performed by hanging
the magneti eld in steps δh = 0.1 K and averaging the magnetization omponents
during 100 MC steps, disarding the initial 100 MCS after every eld step. Due to our
spei hoie of trial step in the MC dynamis, the shape of the hysteresis loops does
not show any appreiable sweeping rate dependene, only the values of the oerive
elds vary but the onlusions regarding the EB eets remain unaltered.
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3. Results
We have rst investigated the inuene of the strength of the shell anisotropy onstant
kS on the observation of shifted loops for a given partile size R = 12a. As it is also
the ase for bilayered thin lms, a neessary ondition to obtain shifted hysteresis loops
after eld ooling from above the Neél temperature is that there must be a part of the
spins in the AFM shell that are pinned along the ooling eld diretion during the eld
yling [2℄. Sine the FM ore is supposed to reverse during the hysteresis loop, one may
argue that the shell spins at the ore/shell interfae may be dragged by the ore spins
during their reversal and that this may indue the reversal of the rest of shell spins,
hindering the EB eet. Hysteresis loops simulated for values of kS in the range 1− 10
are displayed in Fig. 1 for three representative values kS = 1, 5, 10 where we an see that
the loop for the partile with lower anisotropy is ompletely symmetri, while the ones
for higher anisotropies (Fig. 1a) are shifted along the eld axis towards the eld ooling
diretion, onrming the reasoning above. From the values of the oerive elds at the
dereasing and inreasing eld branhes (h−c and h
+
c ), the magnitude of the oerive
eld hC and the loop shift heb an be evaluated as hc = h
+
c −h
−
c and heb = h
+
c +h
−
c . The
dependene of these quantities on kS as extrated from the simulated hysteresis loops
is displayed in Fig. 2, that shows that there is a minimal value of kS for the observane
of EB. When inreasing kS above this value, the bias eld inreases progressively as the
proportion of interfaial spins pinned during the hysteresis loop inreases and nally
saturates. In ontrast, in the presene of EB, hC is redued with respet to the low
anisotropy ase, but its value does not show appreiable variations with kS.
Independently on the value of kS, a net magnetization is indued at the ore/shell
interfae after the ooling proess, as indiated by the similar values attained by the
net magnetization of the shell interfaial spins after the eld ooling under hFC = 4
K, as an be seen in Fig. 1b. These values are negative beause AF oupling at the
interfae has been onsidered. However, the same gure reveals that the behavior of
the shell interfaial spins is quite dierent in the high and low anisotropy ases. For
kS = 1, the loop of the interfaial shell spins is ompletely symmetri and their net
magnetization reverses progressively when dereasing h. As h is yled between its
maximum positive and minimum values, the net magnetization sign hanges aordingly,
without hanging value. This indiates that the interfaial surfae spins are not pinned
during the hysteresis yle and, therefore, no EB is observed.
This is in ontrast with the kS = 5, 10 ases, for whih the loop beomes asymmetri
and shifted. During the desreasing branh, there is a progressive derease of the
interfaial magnetizationM IntSh as h approahes h
−
C , while the ore magnetization remains
essentially onstant and reverses oherently as indiated by the sharp jump at h−C in the
Inset of Fig. 3a. At the end of this branh, the magnetization is still negative, with
a value slightly higher than at the beginning, whih is an indiation of the existene
of a small fration of pinned spins that is diretly related to the value of the exhange
bias eld, as we showed previously [8℄. Moreover, M IntSh remains almost onstant along
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Figure 2. (Colour online) Dependene of the oerive elds at the desreasing and
inreasing eld branhes h
−
c , h
+
c , oerive eld hc (a panel) and exhange bias eld heb
(b panel) on the value of the of the surfae anisotropy kS for a spherial partile with
R = 12, RSh = 3 and kC = 1.
the inreasing branh, presenting a small derease near h+C due to the formation of non-
uniform reversed domains in the ore that propagate into the shell [9, 10℄ (notie the
rounded shoulder in the loop of gure 3a).
Finally, we have investigated the role played by the partile size on the observation
of EB by omparing simulation results for two partiles with the same shell thikness
RSh = 3a and shell anisotropy kS = 10, but total radii R = 8a, 12a. The only dierene
between the two partiles is the ore radius (RC = 5a, 9a, respetively), so that the
number of unompensated spins at the interfae will be dierent and, therefore, the net
magnetization at the interfae indued by eld ooling is expeted to hange aordingly.
In gure 3a, we show the simulated hysteresis loops together with the ontribution of
the ore spins (inset) and, in gure 3b, the ontribution of shell interfaial spins to the
hysteresis loop. For both partile sizes, EB is learly observed, although their hysteresis
loops present evident dierenes. First of all, for the smallest partile, both oerive
elds are negative and the omputed values of hC = 0.466 K and heb = −0.608 K are
signiantly lower than for the biggest partile (hC = 1.292 and heb = −0.781 K). One
would expet an inrease of these to quantities as the partile size dereases, due to the
inreasing proportion of interfaial spins [11℄. However, it should be notied that the
magnitude of heb depends essentially on the unompensated magnetization [8℄ at the
ore/shell interfae and, as it an be heked in gure 3b, after eld ooling, for the
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Figure 3. (Colour online) Hysteresis loops after ooling in a magneti eld hFC = 4
for two partiles with RSh = 3a, kS = 10 and dierent radius R = 8a (blak irles)
and R = 12a (red squares). Panel (a) shows the total magnetization along the eld
diretion and the inset shows the ontribution of ore spins to the hysteresis loops.
In panel (b), the ontributions of the interfaial spins at the shell for the two partile
sizes is displayed.
partiular radius RC = 8a, this is smaller than for the partile with RC = 12a. This
is in lose relation to the observation that, also at dierene from the biggest partile,
for the smallest partile, both branhes of the loop are rounded. This fat indiates
that, for that partile, the reversal mehanism is non-uniform in both loop branhes as
an be further orroborated by the shape of the loop for the ore ontribution shown in
the Inset of gure 3a (irles). A nal observation on the size eets is that the loops
for both partile sizes appear shifted upward also in the diretion of the magnetization
axis, in agreement with several experimental results [12, 13, 14, 15, 16℄. In previous
works [9, 10℄, we have related the vertial loop shifts to the existene of unompensated
pinned moments at the interfae, whih are also responsible for the dierent reversal
mahanisms in the loop branhes. We also showed that the magnitude of the vertial
shift inreases with the interfaial exhange oupling. Therefore, a bigger vertial shift
(the dierene between the saturation magnetization values at both loops branhes) in
the smaller partile is in agreement with the more pronouned non-uniformity in the
magnetization reversal modes and with the biggest dierene in the saturation values
of M IntSh .
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